Drugs interfering with the renin-angiotensin-aldosterone system (RAAS) improved the prognosis in patients with hypertension, heart failure, diabetes and chronic kidney disease. However, combining different drugs brought no further benefit while increasing the risk of hyperkalemia, hypotension and acute renal 
Introduction

"The individual on the operating table had systolic blood pressure of about 190 mm Hg when anesthesia was induced. One of the kidneys was removed several minutes ago. Now the other kidney´s poles are cut off. After a short compression to achieve hemostasis, the abdominal cavity is closed. The creature is allowed to recover and on the next day is alive and well."
(By an anonymous observer)
The individual mentioned above is a rat: a human treated in a similar way would have very little chance to survive and the involved medical staff to escape prosecution and imprisonment. Not surprisingly, humans and rats are different in many aspects, so the common sense says they will also respond differently to drugs or their combinations. There is robust evidence that suppression of renin-angiotensin-aldosterone system (RAAS) is beneficial in many human diseases, such as hypertension, heart failure, diabetes and chronic kidney disease (Bakris 2010 , Bavishi et al. 2016 , Braunwald 2015 , Catalá-López et al. 2016 , Chaugai et al. 2016 , Cice et al. 2010 , Cohn et al. 2001 , Osborne et al. 2017 , Palmer et al. Vol. 66 2015 , Pena-Planco et al. 2016 , Ptinopolou et al. 2013 , Ruster and Wolf 2006 , Sakata et al. 2015 , Turner et al. 2012 , Van Vark et al. 2012 , Vejakama et al. 2002 . It was reasoned that combination of different groups of drugs interfering with RAAS function on different levels would have additive or even multiplied effects. Combination of ACE inhibitors (ACEi) and angiotensin II receptor type 1 blockers (ARB) appeared one of the most promising. However, this combination failed to improve survival or event-free time in human trials; on the other hand, adverse effects were more frequent (Fried et al. 2008 , Mia et al. 2011 , Onuigbo 2009 , Parving et al. 2012 , Yusuf and ONTARGET Investigators 2008b , Rutkowski and Tylicky 2015 . Conversely, in most animal experiments not only that it has been undoubtedly proved that the inappropriate activation of the intrarenal RAAS is the major culprit of the progression of chronic kidney disease, but the treatment with the combination of ACEi and ARB proved successful and reliable, usually superior to application of a single drug in the slowing the progression of chronic kidney disease and development of end-organ damage (Azizi and Ménard 2004 , Carlstrom et al. 2015 , Cao et al. 2001 , Cortinovis et al. 2016 , Červenka and Heller 1996 , Doleželová et al. 2016 , Ke et al. 2000 , Kobori et al. 2007 , Kujal et al. 2014 , Macconi 2010 , Richer et al. 1998 , Sen et al. 2008 , Shen et al. 1998 , Sedláková et al. 2017 , Zoja et al. 2006 , Zoja et al. 2002 . Experimental work obviously aims to bring about some progress in future treatment of patients so the discrepancy between the effects in the experiment and the clinics appeared to preclude the translation of experimental results to human medicine. Can this situation be remedied in some way? And should the experimenters continue using combination of ACEi and ARB even though the dual therapy does not seem, at present, applicable to clinical medicine? Since common sense, as invoked above, has not a status of a scientific method any more, to resolve the dilemma it is necessary to look critically at the hard underlying evidence. Fig. 1 . Schematic illustration of the reninangiotensin system cascade without aldosterone pathway. ANG I, angiotensin I; ACE, angiotensin-converting enzyme; ANG II, angiotensin II; ANG III, angiotensin III; ANG IV, angiotensin IV; ACE2, angiotensinconverting enzyme type 2; ANG-(1-7), angiotensin 1-7; AT1R, angiotensin type 1 receptor; AT2R, angiotensin type 2 receptor; AT4R, angiotensin type 4 receptor; MasR, Mas receptor (receptor for angiotensin 1-7); PRR, (pro)renin receptor; MAP kinases, mitogen-activated protein kinases; ERK, extracellular signal-related kinase; TGF β, transforming growth factor β; PAI-1, plasminogen activator inhibitor-1; MrgD, Mas-related G-protein coupled receptor.
Basic information on the RAAS and its inhibitors
The RAAS is a complex of enzymes, autacoids and hormones (Fig. 1 ) that plays important role in the regulation of blood pressure, sodium and potassium balance, organ remodeling and many other processes. The most important RAAS element is the hormonal peptide angiotensin II (ANG II), acting on different receptors, mainly angiotensin II receptor type 1 (AT 1 ). This increases blood pressure, mediates sodium retention by the kidney independently of aldosterone effect, and stimulates the release of aldosterone from the adrenal glands. Activation of AT 1 receptors by ANG II has also important role in the pathogenesis of organ damage in hypertension, diabetes, myocardial ischemia and many other conditions (Braunwald 2015 , Catalá-López et al. 2016 , Hall et al. 2013 , Hartupee and Mann 2017 , Kobori et al. 2007 , Macconi 2010 , Ruster and Wolf 2006 . Increasing knowledge of these effects has led to development of several groups of drugs interfering with this system: First, direct renin inhibitors; however, the only one that has reached clinical application was aliskiren, which has now been withdrawn from the European market.
Second, ACEi -the largest group of drugs interfering with RAAS, assumed to act mainly through the blockade of ANG II synthesis.
Third, ARB -the group which interferes with ANG II-mediated activation of AT 1 receptors.
Fourth, aldosterone antagonists, the group in which prevents binding of aldosterone to mineralocorticoid receptor.
The fact that all the drugs in use are inhibitors or antagonists implies that RAAS activation is perceived (and in some conditions proven) as deleterious. On the other hand, intact RAAS is necessary during ontogenesis: knock-out animals lacking a part of this system usually have low blood pressure, but also display diminished growth and kidney damage (Niimura et al. 1995 , Oliverio et al. 1998 , Guron and Friberg 2000 , Yosypiv 2014 . Therefore all these drugs are contraindicated in pregnancy.
As mentioned above the RAS blockade is nowadays an integral part of treatment in hypertension, diabetes, heart failure, and kidney diseases. Since the system has a number of parallel pathways, combinations of drugs have been enthusiastically tested and used to improve the efficacy of treatment; one of the preferred was the ACEi and ARB combination, with effectiveness clearly supported by studies in animal models. There were even attempts to synthetize a combination molecule (Hashemzadeh et al. 2013) . However, clinical trials and their meta-analyses have been disappointing.
Results of animal studies
In animals, ACEi and ARB have been used in conditions as remote as myocardial infarction and radiation nephropathy. To keep this review more concise, it will focus mainly on the treatment of elevated blood pressure, hypertensive organ damage and diabetic nephropathy and/or non-diabetic kidney disease, which are also the main areas where large human trials have been published.
Experiments and models where the combination of ACEi and ARB was more effective than the use of a single drug interfering with the RAAS
There are numerous animal experiments where the combination of ACEi and ARB treatment was found superior to the use of one drug only. Better effects of the combined treatment were found in stroke prone spontaneously hypertensive rats (SHR-SP) (Dupuis et al. 2010) . In Ren-2 transgenic rats, harboring additional mouse renin gene, the combination of ACEi and ARB was also more effective in blood pressure lowering and prevention of end-organ damage compared to single drug treatment (Kujal et al. 2014 , Richer et al. 1998 . A similar additive effect was described in rats harboring human renin and angiotensin gene (Mervaala et al. 1999) . Spontaneously hypertensive rats (SHR) also benefited from the combination of ACEi and ARB versus single drug treatment with regard to antihypertensive and cardio-and renoprotective actions (Ke et al. 2000) . However, in Lyon hypertensive rat there was an additive blood pressure lowering effect but no positive effects on the course of end-organ damage (Naelten et al. 2005) . In models of diabetic nephropathy the combination of ACEi and ARB also produced better organoprotective effects as compared with a single drug treatment; this was reported from studies of streptozotocin induced diabetes in rat (Sen et al. 2008) as well as diabetic SHR animals (Cao et al. 2001) . Also other animals and conditions were treated successfully with the combination of ACEi and ARB, e.g. the pigs with congestive heart failure (Shen et al. 1998) .
Experiments and models where the combination of ACEi and ARB had no additive effect compared to the use of a single drug interfering with the RAAS
However, in other models and sometimes the same models in different experimental setting negative or inconsistent effects of dual therapy were observed. No additive effect of the treatment with the combination of ACEi and ARB as compared with single drug treatment on the incidence and severity of stroke in SHR-SP was found in a study by Thoene-Reineke et al. (2011) . In addition, it was reported that the treatments with ACEi or ARB applied had different positive effects on myocardial cell proliferation but there were no additive positive effects of their combination (Taylor et al. 1998) . Finally, inconsistent benefits of the treatment with the combination of ACEi and ARB as compared with single drug treatment were reported in animals with hypertension dependent on the pharmacologically induced deficiency of nitric oxide (Jover et al. 2001) .
Results of human trials
In humans, the treatment with the combination of ACEi and ARB appeared effective with regard to some Vol. 66 specific markers only, e.g. a reduction of proteinuria was seen (Bakris 2010 , Pena-Planco and Fried 2016 , Remmuzii et al. 2002 , Taal and Brenner 2002 , Ziff et al. 2016 . To a considerable surprise, hard outcomes in large randomized trials did not indicate improvement and harmful side effects occurred more often. These included, but not were limited to, hyperkalemia, hypotension and increased incidence of renal function deterioration or renal failure (Fried et al. 2008 , Mia et al. 2011 , Onuigbo 2009 , Parving et al. 2012 , Yusuf and ONTARGET Investigators 2008b , Rutkowski and Tylicky 2015 . At present, the treatment with the combination of ACEi and ARB is not recommended, but is not contraindicated, either, in case the patients is in need of effective blood pressure control; when applied, careful monitoring of adverse effects is obligatory (Rutkowski and Tylicky 2015, Ziff et al. 2016) . It is known that ARB treatment, compared to ACEi, is less likely to induce cough. However, it is important to consider that one relevant metaanalysis demonstrated that treatment with ACEi reduced the mortality while the treatment with ARB did not (Van Vark et al. 2012) . Thus, despite the potential risk of inducing cough the treatment with ACEi should be preferred as monotherapy in patients who can reasonably tolerate it and it also should be considered as the optimal standard treatment regime for comparison with new treatments that should eventually demonstrate additional beneficial effects in comparison with the treatment with ACEi.
Clinical studies where the combination of ACEi and ARB had no additive effect compared to a single drug interfering with the RAAS
In the ONTARGET study, single blockade of the RAS achieved either by the treatment with the ACEi (ramipril) or by the ARB (telmisartan) was equally effective when assessed using a combined end point of mortality and morbidity, in patients with high risk for cardiovascular diseases (Yusuf and ONTARGET Investigators 2008b). The treatment with the combination of ACEi and ARB (ramipril and telmisartan) did not improve the clinical outcome as compared with single drug RAAS blockade, however, adverse effects, e.g. hyperkalemia, hypotension and acute renal failure were reported more often (Fried et al. 2013 , Yusuf and ONTARGET Investigators 2008b , Rutkowski and Tylicki 2015 . Patients who did not tolerate ACEi and could not be enrolled into the ONTARGET and were therefore randomized to the TRANSCEND study for single ARB treatment (telmisartan), did not show any deterioration, nor improvement of the primary outcome (Yusuf and TRANSCEND Investigators 2008a). However, post-hoc analysis of these two large trials (ONTARGET and TRANSCEND) did not reveal any additional cardio-and renoprotective effects of the treatment with the combination of ACEi and ARB compared to monotherapy (Yusuf and ONTARGET Investigators 2008b, Yusuf and TRANSCEND Investigators 2008a) . Conversely, in the subpopulation of patients with lower glomerular filtration rate and macroalbuminuria the dual RAS blockade resulted in a higher rate of hyperkalemia and acute renal failure. The conclusion of this post-hoc analysis was that there is currently no evidence of cardiovascular or renal benefit of the combined RAAS blockade over the single drug variant (Tobe et al. 2011) . Moreover, the SUPPORT study demonstrated that adding olmesartan (ARB) to the standard treatment with ACEi resulted in a higher incidence of acute renal failure events (Sakata et al. 2015) . Furthermore, it has been reported that among elderly patients the treatment with combination of ACEi and ARB was associated with increased risk of adverse renal outcomes and hyperkalemia as compared with treatment based on single RAS blockade (McAlister et al. 2011) . Another study, performed in patients with autosomal dominant polycystic kidney disease manifesting itself as chronic kidney disease (CKD) at stage 3, showed that the treatment with the combination of ACEi and ARB did not bring any additional benefits as compared with patients treated with ACEi only (Torres et al. 2014) . Recent meta-analyses of adult patients with diabetes which include 71 clinical trials with 103 120 participants showed similar effects of treatment with either ACEi or ARB on major cardiovascular and renal outcomes. Most important, they failed to prove any significant benefit regarding those major outcomes of the combined therapy with ACEi and ARB (Catalá-López et al. 2016) . Similar results have been obtained in another metaanalysis study . It has also been found that dietary sodium restriction (target: 50 mmol Na + /day) in patients with non-diabetic CKD treated with ACEi is more effective in reducing proteinuria and decreasing blood pressure compared to dual RAS blockade combining ACEi and ARB in patients on regular sodium diet (target: 200 mmol Na + /day) (Slagman et al. 2001 ). Nevertheless, it should be admitted that in real life it is difficult to achieve patients' adherence to low sodium diet: most probably, adherence to taking one additional drug a day would be much easier to accomplish.
Even more confusing is the assessment of the effects of aldosterone antagonists. Since numerous studies have demonstrated a critical role of aldosterone in the pathophysiology of progression of CKD and development of end-stage renal disease (Bolignano et al. 2014, Dhaybi and Bakris 2017) , and because it has been shown that even the combined treatment with ACEi and ARB resulted in incomplete suppression of increased serum aldosterone levels ("aldosterone escape phenomenon"), addition of aldosterone blockers to the treatment either with ACEi or ARB has been suggested (Bolignano et al. 2014, Dhaybi and Bakris 2017) . This proposal has been further supported by findings that such treatment with aldosterone blockers in patients with CKD reduced proteinuria and improved renal outcomes (Dhaybi and Bakris 2017). Therefore, it has been proposed that addition of an aldosterone antagonist to either ACEi or ARB treatment could be a new approach to the treatment of patients with CKD, despite the risk of hyperkalemia and further impairment of renal function. However, the comprehensive meta-analysis performed by Bolignano and co-workers showed that such addition did not disclose any beneficial effects, such as reducing major cardiovascular events or inhibiting the development of end-stage renal disease in patients with CKD, even when aldosterone antagonist was added to the combined treatment with ACEi and ARB (Bolignano et al. 2014) .
Clinical studies where the combination of ACEi and ARB revealed additional beneficial effects compared to the use of a single drug interfering with the RAAS
Some of studies revealed superior effects of the treatment with the combination of ACEi and ARB compared to the use of one drug only, however, these studies were focused on cardiovascular and not renal pathology. In Val-HeFT study, the positive effect of the ACEi plus ARB treatment on the combined end point (mortality and morbidity) was shown in patients with heart failure (Cohn et al. 2001) , and these findings were later confirmed for a different ARB drug (Gremmler et al. 2007 ). In addition, it was reported that the treatment with the combination of ACEi and ARB significantly reduced all-cause mortality, cardiovascular death, and heart failure-related hospitalizations in hemodialysis patients, as compared to the treatment with ACEi only (Cice et al. 2010) . Furthermore, these findings were confirmed by studies performed within CHARM program, showing again that the treatment with the combination of ACEi and ARB was more effective than the use of ACEi alone in reducing the cardiovascular mortality and frequency of hospitalization required for patients with worsening of heart failure (McMurray et al. 2003 , McMurray et al. 2006 .
Why the difference between the results of experimental and clinical studies? Analysis of possible reasons
It is critically important to recognize that the comparison of results of experiments and clinical studies is difficult in many respects; therefore, direct translation of the results of experimental studies to the clinical practice is not possible. This is so for at least four major reasons.
Species differences regarding RAAS characteristics
Even though the structure and function(s) of the RAAS as a whole and its components are highly conserved among mammals, some important differences are evident, e.g. different activity of renin. For instance, pH optimum of rat versus mouse renin differs and both are also different from the optimum for human renin. There are also differences in other enzymes, in the synthesis of substrates, or the density and other properties of receptors; e.g. there are three subtypes of AT 1 receptors in rodents but only one in humans (Balakumar and Jagadeesh 2014, Hall et al. 2013) . It is important to remember that the variability in the RAAS is relatively well-known in animals while the knowledge about the RAAS in humans is understandably limited: many in vivo animal studies cannot be repeated in humans (except for cell culture studies).
Well-defined condition or disease in animal experiments versus diversity in humans
The cause of the disease or condition in an animal is well known (genetic manipulation, surgery or other treatment, diet, drugs, etc.). The age and time of onset is either known or chosen by the researcher and does not differ significantly between experimental groups. On the other hand, the trials in humans include individuals of different age, not precisely known duration of chronic conditions, and, not infrequently, entirely different underlying primary disease. The best example is the progression CKD in nondiabetic diseases: extreme diversity of initial pathological insult can substantially Vol. 66 and unpredictably affect the clinical outcomes of any treatment regime. In contrast, an animal model that in experimental studies is commonly used to mimic the progression of CKD in nondiabetic diseases is strictly defined: 5/6 renal mass reduction (unilateral nephrectomy plus removal of two-thirds of the contralateral kidney, 5/6 NX), which leads to highly reproducible course of progression of CKD to end-stage renal disease, characterized by typical systemic and intrarenal activation of the RAAS, and predictable pathomorphological alterations in the remnant kidney (Carlstrom et al. 2015 , Červenka and Heller 1996 , Kobori et al. 2007 , Kujal et al. 2014 , Neuringer and Brenner 1993 , Remmuzi et al. 2002 , Sedláková et al. 2017 , Shimamura and Morrison 1975 , Zoja et al. 2006 .
Differences in the genetic background and other confounding factors
It is important to recognize that animal experiments are usually performed in inbred strains, i.e. in genetically almost identical animals, very often only of gender. In addition, animals enter studies at approximately the same age. Animals are maintained under standard living conditions, they are exposed to the same diet of controlled properties (including precisely controlled protein and salt intake etc.). If not otherwise planned for the actual experimental design, they have no co-morbidities and no drug treatment other than the medication studied. Moreover, in long term experiments their sleeping habits and physical activity do not change from day to day and the animals fully adhere to the protocol. Last but not least, individual component procedures of the experiment are performed by one or only a small group of investigators, which ensures standard treatment throughout the study.
There is no doubt that none of the above circumstances and characteristics can be achieved in human clinical trials. Therefore, to obtain strong evidence for a positive outcome of a treatment of the disease such as CKD, large multicenter trials are needed and they usually include individuals of African, Asian and Caucasian origin. Evidently, the variability of genetic background, lifestyle, diet, co-morbidities and concomitant medication is enormous, and in addition, at least some of the circumstances might change substantially in the course of the clinical study. It will also be noted that the staff performing the clinical trial is recruited in hundreds of diverse centers in different parts of the world. Even if the staff is usually well trained, they might have different ways of approach to patients. The compliance of these is never guaranteed and it usually progressively declines over time.
Methodological differences between animal experiments and clinical studies Termination due to adverse events
It is important to recognize that in animal experiments no study is terminated because of adverse effects of the treatment regime. Since the deleterious effects of medication do not usually increase the mortality, they will probably go unnoticed until the end of experiment. For example, in experimental kidney disease plasma potassium concentrations are rarely, if ever, measured in the course of experiment, and therefore hyperkalemia would not be diagnosed at all. On the contrary, it is much feared in humans, so plasma potassium is frequently checked and strictly controlled, even in asymptomatic individuals, and many patients tending to develop hyperkalemia would be excluded from the study. Hypotension is another good example: if it does not interfere with the design of the experiment, it will not change the protocol or lead to withdrawal of the drug in animals. The same is true for acute renal failure: the higher incidence of acute renal failure in the control (untreated) group of animals is not a hint for any treatment intervention, which is a situation that is unacceptable in clinical trials. For all these and many other reasons some patients are excluded from studies, protocols are changed while the study is under way, or the trial might be prematurely terminated.
Differences in statistical analysis
Statistical analysis in clinical trials uses two main approaches: "intention-to-treat" includes all patients as originally randomized, while "per protocol" includes only those patients who completed the whole treatment protocol to which they were originally allocated (Lachin 2000, Montorni and Guyatt 2001). As animals are not withdrawn from the assigned treatment regimens even though their condition during the study has obviously deteriorated, the intention-to-treat and per protocol analysis include the same individuals. In human medicine most studies implement "intention-to-treat" approach to reflect real impact of the treatment on the whole population treated, not only on the patients who were able to adhere to the protocol from the beginning to the end of the study. Thus, the "treated group" might then include substantial proportion of individuals who received the drug for only negligible period of time. On the other hand, if the studied procedure or drug allows, the patients assigned to placebo group are often given active treatment when necessary. This is also an important factor determining why at the end of a clinical trial the "treated group" and "control group" differ much less than expected.
Publication bias: negative results of animal experiments not publishable
Even if we do not have robust data (it is not officially available and therefore cannot be "scientifically evaluated"), there is no doubt that the proportion of unpublished "negative studies" would be significantly higher in animal experiments than in clinical trials. It can be assumed that a properly conducted large multicenter clinical study will always be published, even if the results proved negative or the study was prematurely terminated because of unforeseen reasons. In contrast, animal experiments that have not yielded expected results (e.g. did not show further renoprotective effect of additional new treatment on the progression of CKD after 5/6 NX) will not probably even be considered for publication and, even if so, they will probably be rejected because "they do not provide any new information that would have potential clinical implication for the treatment of patients".
Conclusions
In contrast to common opinion, it is not true that all animal experiments evaluating the effects of the combined treatment with ACEi and ARB on the development of end-organ damage yielded positive results, or that all clinical studies were negative or even showed detrimental effects. Our analysis shows that the combination of ACEi and ARB was the most effective treatment regime in animal models with RAAS-dependent hypertension and some degree of organ damage; the results were less convincing in other animal models. Therefore we postulate that ACEi plus ARB combination should remain the standard control treatment regime in the models in which beneficial effects have been convincingly proven. In the models where such combined treatment was not conclusively better, a single drug RAAS blockade (either ACEi or ARB) should be used.
With regard to clinical studies, we conclude that in human diseases there are currently no proven benefits of the combined ACEi and ARB over single drug RAAS blockade. Given the high risk of serious complications, dual RAAS blockade cannot be currently recommended as the therapy of choice, even in patients with heavy proteinuria. This has been confirmed in large medical trials and meta-analyses and thus it is considered to be evidence based. However, even if human are born free and equal, they are not uniform. Thus the new emerging trend is to change both the design of the trials and interpretation of the results (Bhatt and Mehta 2016, Yusuf and Wittes 2016) . Instead of implementing new methods non-selectively, the effort should be directed on finding specific populations (defined by genetic markers or features of the disease or other parameters) that will have most profit and/or least risk from any particular treatment regime. More distant future will probably bring "tailoring" of the treatment to each individual, not simply to a group or a disease. Therefore it is now considered that dual RAAS blockade may be an interesting alternative in selected patients, for instance young patients with nondiabetic CKD running with hypertension and high proteinuria, provided that they are likely to adhere to dietary potassium restriction (Rutkowski and Tylicki 2015) . However, such patient groups are still in the process of being tested and the results are not yet available (SONAR trial).
On the whole, despite obvious reservations and limitations, continuation of experimental studies of the effects of dual RAAS blockade should be regarded clinically relevant because they expand our understanding of the background of long-term renoprotective effects of such blockade in the prevention of CKD progression. The studies remain an important prerequisite for the development of novel therapeutic strategies aimed at slowing the progression of CKD in human beings.
